Constraints on Randall-Sundrum model from the events of dijet production
  with QCD next-to-leading order accuracy at the LHC by Li, Shi Ang et al.
ar
X
iv
:1
40
8.
27
62
v2
  [
he
p-
ph
]  
3 M
ar 
20
15
Constraints on Randall-Sundrum model from the events of dijet
production with QCD next-to-leading order accuracy at the LHC
Shi Ang Li,1 Chong Sheng Li,1, 2, ∗ Hai Tao Li,1 and Jun Gao3
1Department of Physics and State Key Laboratory of Nuclear Physics and Technology,
Peking University, Beijing 100871, China
2Center for High Energy Physics, Peking University, Beijing, 100871, China
3Department of Physics, Southern Methodist University, Dallas, TX 75275-0181, USA
Abstract
We study the dijet production in Randall-Sundrum model at the LHC with QCD next-to-
leading(NLO) order accuracy. Our results show that the QCD NLO corrections can increase
the total cross sections by more than 80% and reduce the scale dependence. We also explore in
detail several important kinematic distributions at the NLO level. Moreover, we discuss the upper
limits of the KK graviton excluded mass range and the allowed parameter space for the coupling
constant and KK graviton mass, using the experiment data.
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I. INTRODUCTION
Searching for new physics is one of the most important tasks at the LHC. In many
extensions of the standard model(SM), there exist massive particles that couple to quarks
or gluons, which may be observed as a narrow resonance in dijet production, such asW ′, Z ′,
excited quarks, axigluon, Klauza-Klein(KK) graviton from extra dimensions. Therefore, the
study of dijet events provides a possibility to probe new physics effects. In the SM, the dijet
events are mostly produced through quantum chromodynamics(QCD) interactions in hadron
colliders, which predicts a smooth and steeply falling dijet mass spectrum. Experiments at
the LHC have already used the dijet invariant mass to constrain the mass of these new
resonances [1–3]. Randall-Sundrum(RS) model [4, 5] is one among various new physics
models which can solve the large hierarchy problem of the weak and the Plank scale.
In RS model, the extra dimension is assumed to be located on a S1/Z2 orbifold, which
has two fixed points, φ = 0 and φ = π. They correspond to high energy brane and the
brane we live on, respectively. Graviton is the only particle that can propagate through the
bulk between these two branes. The 5-dimensional warped matric is given by:
ds2 = e−2kr|φ|(ηµν +
2
M
3/2
P
hµν)dx
µdxν − r2dφ2 , (1)
0 ≤ |φ| ≤ π ,
where φ is the five-dimensional coordinate, k is a scale of order of the Plank scale, r is
the compactification radius of the extra dimensional circle, and hµν is the graviton metric.
Solving the 5-dimensional Einstein equation and using Eq. (1), we can get the relation
between the 4-dimensional reduced Plank scale M¯p and the 5-dimensional Plank scaleMP [4],
M¯p =
M3P
k
(1 − e−2krπ) . (2)
The physical mass m of a field in 4-dimension, is related to the fundamental mass parameter
m0 as following:
m = e−krπm0 . (3)
thus the hierarchy problem can be solved by assuming kr ∼ 12.
There also exist KK towers of the massive spin-2 graviton that can interact with the SM
fields, and their 4-dimensional effective Lagrangian is given by [6, 7]:
L = − 1
M¯p
T αβ(x)h
(0)
αβ(x) −
1
Λπ
T αβ(x)
∞∑
n=1
h
(n)
αβ (x) , (4)
2
with
κ =
1
Λπ
=
1
M¯p
e2krπ =
x1k
mKKM¯p
, (5)
where κ stands for the coupling constant between KK graviton and SM particles and Λπ
is around the electroweak scale. mKK is the mass of the 1st KK excitation mode of the
graviton, which we will focus on in this paper. x1 is the 1st root of the first order Bessel
function. Then the masses of the 1th KK excitation modes are given by
mKK = kx1e
−krπ =
k
M¯p
x1
κ
, (6)
From Eq. (5) and Eq. (6), the graviton sector of the RS model is completely determined by
two parameters mKK and k/M¯p.
The RS KK graviton can be produced through both the gg fusion and the qq¯ annihilation
at the LO. The detailed Feynman rules of the graviton couplings can be found in Ref. [8],
and the propagator for the massive spin-2 KK states is [9]
PGµν,ρσ(k) =
i
2
Bµν,ρσ(k)
k2 −m2KK + imKKΓKK
, (7)
where
Bµν,ρσ(k) =
(
ηµρ − kµkρ
m2KK
)(
ηνσ − kνkσ
m2KK
)
+
(
ηµσ − kµkσ
m2KK
)(
ηνρ − kνkρ
m2KK
)
− 2
n− 1
(
ηµν − kµkν
m2KK
)(
ηρσ − kρkσ
m2KK
)
. (8)
where ΓKK is the width of the heavy resonance, respectively.
The LO cross section and the signal for dijet production via KK graviton exchange have
been calculated in the RS model in Refs. [10, 11]. To put more stringent bound on the
parameters of the model at the LHC, we need the QCD NLO corrections to promote the
theoretical accuracy. Presently, many processes are available for NLO accuracy, including
single KK graviton production[9, 12] and graviton decay to different final states such as
Drell-Yan [13, 14], di-photon [15, 16], Z Z [17, 18], W+W− [19, 20], Z+missing energy [21]
and t t¯ [22]. Since K factors at the NLO level in these processes are large, it is also essential
to go beyond LO for dijet final state process. In this paper, we present a QCD NLO
calculation to the KK-graviton production and decay in the dijet channel at the LHC, and
give constraints on the relative parameters with NLO accuracy through comparing with the
latest dijet event data from the CMS collaboration [3].
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This paper is organized as follows. In Sec. II we show the analytic results for the LO and
QCD NLO cross sections and the consistent treatment for including the QCD NLO effects
of KK graviton decay width. In Sec. III we present the numerical predictions for inclusive
and differential cross sections at the LHC. We simulate the signal for RS KK graviton at the
LHC and update the constraints on the KK graviton mass using recent measurement with
the NLO results. Some of the lengthy analytic expressions are summarized in Appendix.
II. ANALYTICAL RESULTS
In this section, we present the analytical results for dijet production via KK graviton
exchange. The QCD NLO corrections can be factorized into two independent gauge invariant
parts, i.e., KK graviton produced at the NLO with a subsequent decay at the LO, and
produced at the LO with a subsequent decay at the NLO, similar to the cases of Refs. [22, 23].
We neglect interference between radiation in the two stages, which are expected to be small,
of order O(αsΓKK/MKK) [24–26]. This whole procedure can be illustrated as follows:
|Mtree2→2|2 = |Mtreepro |2 ⊗ |Mtreedec |2 ⊗ |PG|2 , (9)
|Mreal2→3|2 = {|Mtreepro |2 ⊗ |Mrealdec |2 + |Mrealpro |2 ⊗ |Mtreedec |2} ⊗ |PG|2 ,
Mtree∗2→2Mloop2→2 = {|Mtreepro |2 ⊗ (Mtree∗dec Mloopdec ) + |Mtreedec |2 ⊗ (Mtree∗pro Mlooppro )} ⊗ |PG|2 ,
where we have suppressed the possible Lorentz indices here for simplicity.
A. Leading Order Results
FIG. 1: Tree-level Feynman diagrams for KK graviton production and decay into dijet.
The LO Feynman diagrams for the production and decay of the KK graviton are shown
in Fig. 1. After summing over spin and color of the final state particles and averaging over
4
spin and color of the initial states, the amplitude squares are
|Mtreeqq¯→qq¯|
2
=
1
512
κ4 (s4 + 10 s3 t + 42 s2 t2 + 64 s t3 + 32 t4)R(s) (10)
|Mtreegg→qq¯|
2
= − 3
256
κ4 t ( s2 + 2 s t + 2 t2 ) ( s + t )R(s) (11)
|Mtreeqq¯→gg|
2
= − 1
24
κ4 t ( s2 + 2 s t + 2 t2 ) ( s + t )R(s) (12)
|Mtreegg→gg|
2
=
1
64
κ4 ( s4 + 4 s3 t + 6 s2 t2 + 4 s t3 + 2 t4 )R(s) (13)
where the Mandelstam variables s, t, u are defined as,
s = (p1 + p2)
2, t = (p1 − p3)2, u = (p1 − p4)2 . (14)
R(s) represents the LO contribution from propagator for Breit-Wigner resonance, which can
be written as
R(s) =
1
(s−m2KK)2 + Γ2KKm2KK
, (15)
Throughout this paper, we work in the ’t Hooft-Feynman gauge.
At hadron colliders, the LO total cross section is obtained by convoluting the partonic
cross section with the parton distribution functions, which is
σ(p p→ j j) =
∑
qq¯
∑
ab
∫
dx1dx2[Gq/p(x1, µf)Gq¯/p(x2, µf)σˆqq¯→ab + (x1 ↔ x2)]
+
∑
ab
∫
dx1dx2Gg/p(x1, µf)Gg/p(x2, µf)σˆgg→ab , (16)
where µf is the factorization scale. The LO partonic cross section is defined as
σˆBij→ab =
1
2s
∫
dPS2|MLOij→ab|
2
. (17)
B. NEXT-TO-LEADING ORDER QCD CORRECTIONS
1. Virtual Corrections
The loop diagrams for the production part are shown in Fig. 2. The virtual corrections
contain both UV and IR divergences, with the UV divergences renormalized by introducing
counterterms. Using the on-shell subtraction scheme, we define all the renormalization
constants for massless quarks and gluons, which are given by
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FIG. 2: One-loop Feynman diagrams for the production of KK graviton.
δZOSq = −
αs
3π
Cǫ
{
1
ǫUV
− 1
ǫIR
}
,
δZOSG = −
αS
2π
(
nf
3
− 5
2
)
Cǫ
{
1
ǫUV
− 1
ǫIR
}
− αS
6π
Cǫ
(
1
ǫUV
)
, (18)
where Cǫ = Γ(1+ǫ)(4πµ
2
r/m
2
t )
ǫ and nf = 5 is the number of flavors of the massless quarks and
µr is the renormalization scale. For the qq¯ initial states, the renormalized virtual corrections
to partonic cross section are
σˆVqq¯ = σˆ
B
qq¯
αs
2π
Dǫ
{
Av,q2
ǫ2IR
+
Av,q1
ǫIR
+ Av,q0
}
, (19)
with
Dǫ =
Γ(1− ǫ)
Γ(1− 2ǫ)
(
4πµ2r
s
)ǫ
(20)
Av,q2 = −
8
3
,
Av,q1 = −4,
Av,q0 =
8
9
(π2 − 15).
For the gluon initial states, the renormalized virtual corrections are
σˆVgg = σˆ
B
gg
αs
2π
Dǫ
{
Av,g2
ǫ2IR
+
Av,g1
ǫIR
+ Av,g0
}
. (21)
with
Av,g2 = −6 ,
Av,g1 =
2nf − 33
3
, (22)
Av,g0 =
1
18
(35nf + 36π
2 − 609) + 1
18s
{12m2t (6C0m2t + 3C0s + 11)
− 12(5m2t + s)
[
ln
(
µ2r
m2t
)
+ ln
(
µ2r
s2
)]
+ 47s}.
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where C0 is the finite scalar integral in Ref. [27], which shows as
C0(0, 0, s;m
2, m2, m2) =
xs
m2(1− x2s)
[−1
2
ln2 xs + 2 ln(xs) ln(1 + xs) (23)
+ 2Sp(−xs) + π
2
6
] ,
with
Sp(z) =
∫ 1
0
dt
ln(1− zt)
t
,
xs = −K(s+ iǫ,mt, mt) ,
K(z,m,m′) =
1−√1− 4mm′/[z − (m−m′)2]
1 +
√
1− 4mm′/[z − (m−m′)2] z 6= (m−m
′)2 ,
K(z,m,m′) = −1 z = (m−m′)2 . (24)
Note that in above renormalized amplitudes, all the UV divergences cancel each other,
leaving the remaining IR divergences and the finite terms.
2. Real corrections
The real corrections consist of radiation of an additional gluon, or massless quark (anti-
quark) in the final state. For real particle emission, the phase space integration contains
both soft and collinear singularities. We adopt the two-cutoff phase space slicing method [28]
to isolate all the IR singularities, where the phase space is divided into different regions by
introducing two small cutoffs δs and δc. The soft cutoff δs separates the phase space into the
soft region and hard region according to the soft condition Ei ≤ δss, which can be written
as
σˆRij = σˆ
S
ij + σˆ
H
ij , (25)
Furthermore, the hard piece is divided into two regions by collinear cutoff δc according to
the collinear condition −δcs < (pi − p5)2 < 0,
σˆHij = σˆ
HC
ij + σˆ
HC
ij . (26)
The σˆHCij contains the collinear divergences, which can be obtained by integration over
the phase space of the emitted partons. The hard non-collinear part σˆHCij is finite, and we
can compute it using standard Monte Carlo integration techniques.
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a. Soft gluon emission In the limit that the energy of the emitted gluon becomes
small, i.e. E5 ≤ δs
√
s/2, the amplitude square can be factorized into the Born amplitudes
times an eikonal factor Φeik∑
|Mreal(1 + 2→ 3 + 4 + 5)|2soft → (4παs)
∑
|M0|2Φeik , (27)
with
Φeik = CI
s
p1 · p5p2 · p5 , (28)
where CI = CF for qq¯ initial state and CI = CA for gg initial state. Here we only consider
the situation for the initial state. Then the parton level cross section in the soft region can
be expressed as
σˆSij =
1
2s
∫
|Mreal|2|softdΓsoft3 , (29)
where dΓsoft3 is the three-body phase space in the soft region, which can be factorized :
dΓ|soft3 = dΓ2
[(
4π
s
)ǫ
Γ(1− ǫ)
Γ(1− 2ǫ)
1
2(2π)2
]
dS , (30)
with
dS =
1
π
(
4
s
)−ǫ ∫ δs√s/2
0
dE5E
1−2ǫ
5 sin
1−2ǫθ1dθ1sin−2ǫθ2dθ2 . (31)
After the integration over the soft gluon phase space, we have
σˆSij =
αs
2π
σˆBijDǫ
(
As2
ǫ2
+
As1
ǫ
+ As0
)
, (32)
with
As2 = 2CI , (33)
As1 = −4CI ln δs ,
As0 = 4CI ln
2 δs .
For soft gluon radiated from outgoing partons, it gives the same results. Here we do not
show their expressions.
b. Collinear emission In this section we discuss the collinear singularities in σHC ,
which is treated differently according to whether the singularities are from initial or final
state.
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FIG. 3: Real correction Feynman diagrams for the production of the KK graviton.
Initial state collinear radiation The real emission diagrams from initial states are
shown in Fig. 3. In the hard collinear region, E5 > δs
√
s/2 and 0 < −ti5 < δcs, the emitted
hard gluon(quark) is collinear to one of the incoming partons. As a consequence of the
factorization theorem, the matrix element square can be factorized into the product of the
born amplitude square and the Altarelli-Parisi splitting functions Pij(z, ǫ) [29]∑
|M3(1 + 2→ 3 + 4 + 5)|2coll → (4παsµ2ǫr )
∑
|M0|2
[−2P1′1(z, ǫ)
zt15
+
−2P2′2(z, ǫ)
zt25
]
. (34)
Here z denotes the fraction of the momentum of 1(2) carried by parton 1′(2′) with the
emitted parton 5 taking a fraction (1− z).
Moreover, the collinear three body final phase space can be factorized in the collinear
limit. For example, in the limit 0 < −t15 < δcs, it has the following form [28]
dΓ3(1+2→ 3+4+5)|coll → dΓ(1′+2→ 3+4)|s′=zs (4π)
ǫ
16π2Γ(1− ǫ)dzdt15[−(1−z)t15]
−ǫ . (35)
Substituting the matrix elements square and phase space in collinear limits into the hard
collinear cross section, we have
dσHCij =
αs
2π
Dǫ(−1
ǫ
)δ−ǫc {dσˆBqq¯[P1′1(z, ǫ)G1/p(x1/z)G2/p(x2) (36)
+ P2′2(z, ǫ)G2/p(x1/z)G1/p(x2) + (x1 ↔ x2)]
+ dσˆBgg[P1′1(z, ǫ)G1/p(x1/z)G2/p(x2) + P2′2(z, ǫ)G2/p(x1/z)G1/p(x2)]}
× dz
z
(
1− z
z
)−ǫ
dx1dx2 ,
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where Gi/P is the bare PDFs.
FIG. 4: Real correction Feynman diagrams for the decay of the KK graviton.
Final state collinear radiation The real emission diagrams from final states are
shown in Fig. 4. The treatment of the final state collinear singularities is much the same
as that in the previous case of initial state situation. But for indistinguishable final states,
there is no need to introduce fragmentation functions. For process 1 + 2→ 3+ 4+ 5 with 5
splitting from parton 4, following similar treatment as for the initial state, we have
dσ1+2→3+4+5HC = dσ
1+2→3+4′
0
αs
2π
Dǫ
(
−1
ǫ
)
δ−ǫc
∫
dzz−ǫ(1− z)−ǫP44′(z, ǫ) . (37)
Expanding the integrand and performing the integration over z yields the final state hard-
collinear terms
dσ1+2→3+4+5HC,F = dσ
1+2→3+4′
0
αs
2π
Dǫ
(
A4
′→45
1
ǫ
+ A4
′→45
0
)
, (38)
where
Aq→qg1 = CF (3/2 + 2 ln δs) , (39)
Aq→qg0 = CF [7/2− π2/3− lnδs − ln δc(3/2 + 2 ln δs)] ,
Ag→qq¯1 = −nf/3 ,
Ag→qq¯0 = nf/3(ln δc − 5/3) ,
Ag→gg1 = CA(11/6 + 2 ln δs) ,
Ag→gg0 = CA[67/18− π2/3− ln2 δs − ln δc(11/6 + 2 ln δs)] .
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c. Hard non-collinear emission We also have to consider contributions from the
hard non-collinear part, which is finite. The hard non-collinear partonic cross section is
given by
σˆHCij =
1
2 s
∫
HC
∑
|M3ij |2 dPS3 . (40)
We can calculate the amplitude square of these real radiation diagrams directly in 4 dimen-
sions. Besides the channels we have considered in the LO order diagram, there are also q g
and q¯ g initial state processes. The detail results are given in the appendix.
3. Mass Factorization
After adding the renormalized virtual corrections and the two-cut off real corrections, the
parton level cross section still contain some collinear divergences which can be absorbed into
a redefinition of the PDFs at the NLO, namely mass factorization [30]. This procedure means
we replace the bare PDF Ga/p(x) with renormalized PDF Ga/p(x, µf) and then convolute
it with the partonic cross section. With the MS convention the scale-dependent PDF
Ga/p(x, µf ) is given by [28]
Ga/p(x, µf ) = Ga/p(x) +
∑
b
(
1
ǫ
)[
αs
2π
Γ(1− ǫ)
Γ(1− 2ǫ)
(
4πµ2r
µ2f
)ǫ]∫ 1
x
dz
z
Pab(z)Gb/p(x/z) (41)
This replacement will produce a collinear singular term, which will be combined with
the hard collinear contribution in Eq. (36). Then the expression for the remaining collinear
contribution after considering gg initial state contribution will be:
dσcoll,Iij =
αs
2π
Dǫ{[G˜q/p(x1, µf)Gq¯/p(x2, µf) +Gq/p(x1, µf)G˜q¯/p(x2, µf) (42)
+
∑
α=q,q¯
[
Asc1 (α→ αg)
ǫ
+ Asc0 (α→ αg)
]
Gq/p(x1, µf)Gq¯/p(x2, µf) + (x1 ↔ x2)]dσˆBqq¯
+[G˜g/p(x1, µf)Gg/p(x2, µf) +Gg/p(x1, µf)G˜g/p(x2, µf)
+2
[
Asc1 (g → gg)
ǫ
+ Asc0 (g → gg)
]
Gg/p(x1, µf)Gg/p(xq, µf)]dσˆ
B
gg}dx1dx2 ,
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where
Asc1 (q → qg) = Asc1 (q¯ → q¯g) = CF (3/2 + 2 ln δs) , (43)
Asc1 (g → gg) = 2CA ln δs + (11CA − 2nf )/6 ,
Asc0 = A
sc
1 ln
(
s
µ2f
)
,
G˜a/p(x, µf) =
∑
a′
∫ 1−δsδaa′
x
dy
y
Ga′/p(x/y, µf)P˜aa′(y) ,
P˜ij(y) = Pij(y) ln(δc
1− y
y
s
µ2f
)− P ′ij(y) .
Finally, the NLO total cross section for p p→ j j in the MS factorization scheme is,
σNLO =
∫
dx1dx2[Gq/p(x1, µf)Gq¯/p(x2, µf) + (x1 ↔ x2)](σˆBqq¯ + σˆVqq¯ + σˆSqq¯ + σˆHC,Fqq¯ (44)
+ σˆHCqq¯ ) +
∫
dx1dx2Gg/p(x1, µf)Gg/p(x2, µf)(σˆ
B
gg + σˆ
V
gg + σˆ
S
gg + σˆ
HC,F
gg + σˆ
HC
gg ) + σˆ
coll,I
+
∫
dx1dx2
∑
α=q,q¯
[Gg/p(x1, µf)Gα/p(x2, µf) + (x1 ↔ x2)]σˆHCαg )
Note that the above expression contains no singularities since 2Av2 + A
s
2 = 0 ,2A
v,q
1 +
As,q1 + 2A
sc
1 (q → qg) = 0, 2Av,g1 + As,g1 + 2Asc1 (g → gg) = 0 for initial state calculation. And
similar results can be obtained for final states.
4. Consistent treatment of KK graviton decay in perturbation theory
In the narrow width approximation (NWA) [23], the production cross section for a specific
decay channel is given by the total cross section times the branching fraction of the decay
channel, which requires a consistent treatment of the decay at the NLO. For the Breit-
Wigner resonance there is a similar procedure. In this subsection, we briefly review the
basic idea of this procedure in NWA, then introduce the method we use for Breit-Wigner
resonance.
The perturbative expansion of cross section and decay width can be written as,
σNLO = σ0 + αsσ1 (45)
ΓNLO = Γ0 + αsΓ1
(46)
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Following the approach in Ref. [23], by expanding the cross section to O(αs) and discard-
ing terms of order O(α2s) or higher, we can write the differential cross sections as,
σNLOi = σ0 ×
Γi0
Γ0
+ σ0 × αsΓ
i
1
Γ0
+ αsσ1 × Γ
i
0
Γ0
− αsσ0 × Γ
i
0
Γ0
Γ1
Γ0
, (47)
where σ0 and Γ0 are the lowest order contributions to the production rate and total decay
width and αsσ1 and αsΓ1 the corresponding NLO corrections. Meanwhile, Γ
i
0 and αsΓ
i
1 is
the LO differential decay width and its NLO corrections for the channel i we considered.
Following the above approach, we expand the KK graviton propagator with NLO decay
width as
1
(s−m2KK)2 + [Γ0 + αsΓ1]2m2KK
(48)
=
1
(s−m2KK)2 + Γ20m2KK
− 2αsm
2
KKΓ0Γ1
[(s−m2KK)2 + Γ20m2KK ]2
,
= R(s)
[
1− 2αsR(s)m2KKΓ0Γ1
]
,
then we can rewrite similar cross section for Breit-Wigner resonance as
σNLOi =
[
1− 2αsR(s)m2KKΓ0Γ1
]
σ0 ⊗ Γi0 + αsσ1 ⊗ Γi0 + αsσ0 ⊗ Γi1, (49)
where in the convolution the LO width is always used in the propagator.
Now we turn to the calculations of NLO QCD corrections for the decay width of KK
graviton. The KK graviton can decay to all the particles in SM, which is shown in Fig. 5.
The LO decay width has been calculated in Ref [4], and the calculation of NLO total decay
width is straight forward. Fig. 6 shows the mass dependence of the LO and NLO decay
width, which can be fitted as,
Γ0 = 3.15× 10−3 ∗ mKK , (50)
αsΓ1 = 2.08× 10−3 ∗ αsmKK .
FIG. 5: Decay channels of KK graviton.
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FIG. 6: The LO and NLO Decay width of the KK graviton for different KK graviton mass.
III. NUMERICAL RESULTS
A. Cross section
In this subsection, we present the numerical results for total and differential cross sections
for dijet production via RS KK graviton at the LHC. In our numerical calculations, we use
the two-loop evaluation for αs(Q) [31] and CTEQ PDFs [32]. We use CTEQ6M PDF for
NLO calculation and CTEQ6L PDF for LO calculation in our numerical calculations of total
and differential cross sections, respectively. We assume k/M¯p = 0.1 and mKK = 1.5TeV
or 2TeV for the RS model unless specified, so the coupling strength between the graviton
and the Standard Model particles will be fixed when the graviton mass is set, as shown in
Eq. (5).
For the final-state jets, we use the anti-kt jet algorithm [33] with the distance parameter
14
D = 0.5 to combine QCD partons into jets. We reconstruct the trigger jet using the
FASTJET algorithm [34]. We also require the final-state jets to satisfy the following basic
kinematic cuts according to ones used in the CMS study [3]
pTj > 30 GeV, |ηj| < 2.5.
Here pTj and ηj are the transverse momentum and pseudorapidity of the final state jets,
respectively.
Both the renormalization and factorization scales are fixed to the invariant mass mjj of
the dijet final states, where mjj =
√
(Ej1 + Ej2)2 − |−→p j1 +−→p j2|2.
We have checked that the Breit-Wigner approximation is applicable at the LO, and cal-
culated the full LO results including all the channels. The results show that the contribution
from the s channel, which we discuss in our work, is dominant, since contributions from t
and u channel are about 6% of full LO total cross section. After taking experiment kine-
matics requirement shown below, their contributions are extremely smaller, which are only
about 3%. The reason is that t and u channels are obviously suppressed by the kinematics
effect from the KK graviton propagator.
In Fig. 7 we show that the dependence of NLO total cross section on the arbitrary cutoff
δs and δc is indeed very weak. Here σother includes the contribution from the Born cross
section and the virtual corrections. Both the soft plus hard collinear contributions and the
hard non-collinear contributions depend strongly on the cutoffs and, especially for the small
cutoffs (δs < 10
−2). However, after combining every contribution (σsoft+σhard−coll+σvirtual+
σhard−noncoll), such dependence on the cutoffs cancel each other. The final results for σNLO
are almost independent of the cutoff for δs < 10
−2. We take δs = 10−3 and δc = δs/50 to
obtain the numerical results presented below.
Fig. 8 shows the NLO K factor, which defined as the ratio of the NLO cross section
σNLO to the LO cross section σLO, as a function of the KK graviton mass at the LHC with
different center of mass energies. We can see that the total QCD NLO corrections can be
large, which can increase the total cross sections by about 80%− 100%. Numerical results
show that the NLO corrections from the production part are dominant, and agree with the
ones given in Refs. [12, 20, 22]. The contributions from the decay part are relatively small,
but can still reach about 20%− 30%.
We further present the ratios between the total cross sections from the different channels
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FIG. 7: Total cross sections for p p→ G→ j j at the LHC as a function of δs in the phase space
slicing treatment. The δc is chosen to be δc = δs/50.
at both the LO and the NLO in Fig. 9 . It can be found that the contribution from the gg
channel is dominant at low KK graviton mass region for the large PDF of the gluon, and
the contribution from the qq¯ channel becomes more important at the high mass region since
the PDF of the valence quark decreases more slowly than the gluon. The NLO corrections
can change the ratio between different channels significantly.
In Fig. 10, we show scale dependencies of the LO and NLO total cross sections. At the
LO, the scale dependence is purely from the factorization scale. Fig. 10 shows that the
factorization scale dependence of the NLO cross section is significantly reduced compared
with the LO result.
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the production part alone, respectively.
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FIG. 9: The ratios of the total cross sections from different channels for the graviton as functions
of the graviton mass at both the LO and the NLO.
B. Differential cross section
We separately present invariant mass and transverse momentum distribution in this sub-
section. Following the experimental analysis in [3], we consider wide jets as the final states,
which are formed by clustering additional jets into the closest leading jet if within a dis-
tance ∆R =
√
∆η2 +∆φ2 < 1.1. To account for resolution of the detectors, we also add a
Gaussian smearing to the energy of final-state jets [35], where the width is set as
∆Ej/Ej = 0.5/
√
Ej/GeV⊕ 0.02 . (51)
Fig. 11 gives the invariant mass distributions of the dijet. At the LO it is a Breit-
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FIG. 11: Differential cross sections in the invariant mass for the final state dijet through RS KK
graviton, left plot shows the LO, NLO results and the NLO corrections. The right plot shows the
NLO corrections from production and decay separately.
Wigner distribution with a center value mKK and width ΓKK . At the NLO there could exist
an additional hard parton besides the two leading jets in the final state. Thus the NLO
corrections push the peak of the distributions to the lower invariant mass region. We also
show separate contributions from initial state and final state corrections in Fig. 11. It can be
seen that the initial state corrections shift the invariant mass distributions to higher region
while the final state corrections tend to shift it in opposite way, which is a consequence of
different origins of the additional radiated parton.
Fig. 12 shows the normalized invariant mass distributions with different KK graviton mass
and collider energy. Collider energy shows weak impact on the shape of the distribution.
In Fig. 13, we display differential cross sections for the transverse momentum pT of the
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leading jet and the next-to-leading jet for different center of mass energies and KK graviton
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masses. We find that the NLO QCD corrections enhance the LO results at both low pT and
high pT . There is a sharply falling in pT distribution at about half the KK graviton mass,
which is called Jacobian Edge [36]. The edge is broadened by the KK graviton width and
real corrections at NLO.
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FIG. 14: Observed upper limits at 95% CL on σ × A for resonances decaying to dijet final state
compared with the expected limits and their variation at the 1σ and 2σ levels.
C. Signal analysis
A search for the KK-graviton has been performed in the dijet mass spectrum by CMS [3],
based on the LO theoretical prediction. Following Ref. [3], in Fig. 14 we present the generic
upper limits at the 95% confidence level for the cross section σ × A, where A represents
efficiency due to the kinematic requirement of |∆ηjj| < 1.3 and mjj > 890 GeV. In this sub-
section, we use CTEQ6M PDF for NLO calculation and CTEQ6L1 PDF for LO calculation.
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FIG. 15: Allowed parameter space (upper side, 95% c.l.) for dijet production through KK graviton
at the LO and NLO.
We also assume k/M¯pl = 0.1 for the RS model. Due to the large QCD NLO corrections,
the upper limit of excluded mass range of the graviton is promoted from 1.45 TeV to more
than 1.6 TeV.
Fig. 15 show the allowed parameter space for KK graviton mass and its coupling to SM
particles, based on the upper limit for the total cross section in [3]. In our calculation, we
consider the coupling region 0.15 TeV−1 ≤ κ ≤ 0.50 TeV−1, and the mass region 1.5 TeV ≤
mKK ≤ 3.5 TeV same as in the experiment analysis. In Fig. 15, the red and blue region
corresponds to the 95% c.l. exclusions at the LO and NLO, respectively. It can be seen from
Fig. 15 that the NLO corrections significantly tighten the allowed parameter space.
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IV. CONCLUSION
In conclusion, we have investigated dijet production in RS model at the LHC, including
QCD NLO corrections to the production and decay of KK graviton. Our results show that
the QCD NLO corrections increase the total cross sections by more than 80% and reduce
the scale uncertainties. Furthermore, we also explore the distributions for final state dijet
invariant mass, jet transverse momentum with QCD NLO accuracy. Finally, we discuss the
constraints on the KK graviton mass and the allowed parameter space of graviton mass and
its coupling, based on dijet measurement at the LHC. We find that the upper limit of the
KK graviton excluded mass range is promoted from 1.45 TeV to more than 1.6 TeV based
on our NLO calculations. The allowed parameter space is tightened as well.
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Appendix A: Hard non-collinear partonic cross section
In this appendix we collect the hard non-collinear amplitude square. We use Breit-
Wigner approximation and ignore the interference between initial and final state radiation.
For simplicity, we define the following invariant variables:
sij = (pi + pj)
2 . (A1)
For radiations from incoming partons, we have
|Mrealqq¯(g)→qq¯|
2
= − nfπαsκ
4s34R(s)
48(s13 + s14 − s34)(s23 + s24 − s34)(s13 + s14 + s23 + s24 − s34) (A2)
×[−3s34(s213 + s214 + s223 + s224) + 3s34(s13 + s14 + s23 + ss24)(s213 + s214 + s223 + s224)
−4(s313s24 + 3s213s14s23 + 3s13s24(s214 + s223) + s14s23(s214 + s223 + 3s224))] ,
and
|Mrealqq¯(g)→gg|
2
=
4παsκ
4s234[s
3
13s23 + s13s
3
23 + s14s24(s
2
14 + s
2
24)]R(s)
9(s13 + s14 − s34)(s23 + s24 − s34)(s13 + s14 + s23 + s24 − s34) , (A3)
22
and
|Mrealgg(g)→qq¯|
2
=
9nfαsκ
4πs234R(s)
32(s13 + s14 − s34)(s23 + s24 − s34)(s13 + s14 + s23 + s24 − s34) (A4)
×[2s313s14 + 2s13s314 + 3s213s14s23 + s314s23 + 3s13s14s223 + s14s323 + s133s24
+3s13s
2
14s24 + 3s
2
13s23s24 + 3s
2
14s23s24 + 3s13s
2
23s24 + 2s
3
23s24 + 3s13s14s
2
24
+3s14s23s
2
24 + s13s
3
24 + 2s23s
3
24 − (s13 + s14 + s23 + s24)3s34 + 3(s13 + s14 + s23 + s24)2s234
−4(s13 + s14 + s23 + s24)s334 + 2s434] ,
and
|Mrealgg(g)→gg|
2
=
3παsκ
4s234R(s)
4(s13 + s14 − s34)(s23 + s24 − s34)(s13 + s14 + s23 + s24 − s34) (A5)
×{(s213 + s13s23 + s223)2 − 2s334(s13 + s14 + s23 + s24) + 3s234[(s13 + s23)2 + (s14 + s24)2]
−2s34[(s13 + s23)3 + (s14 + s24)3] + (s214 + s14s24 + s224)2 + s434} .
The other results can be obtained by crossing symmetry.
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